Introduction
Although a patent ductus arteriosus (PDA) increases fluid and protein efflux from the pulmonary vasculature in preterm infants (1, 2) , a compensatory increase in pulmonary lymph flow appears to prevent pulmonary edema during the first 72 hours after delivery in both premature animals (3, 4) and humans (5) . However, a symptomatic left-to-right ductus shunt that persists beyond the first week of life increases the likelihood of edema formation and respiratory compromise. Several studies (performed in the presurfactant era) found that by 7 days after birth a PDA can alter pulmonary mechanics (6) (7) (8) . In addition, preterm infants with a PDA have increased ventilatory needs compared with infants whose PDA has been closed (6, 7, (9) (10) (11) (12) . Whether these alterations are due to increasing pulmonary edema or to more permanent histopathologic changes is currently unknown.
Chronic pulmonary histopathologic changes consisting of alveolar simplification, fibrosis and chronic inflammation frequently follow preterm birth (13) . These changes, known as bronchopulmonary dysplasia (BPD), appear to be due to inflammatory and repair processes that interfere with normal lung development (14) (15) (16) (17) . Airway aspirates from infants that develop BPD contain proinflammatory cytokines (like during the first days after delivery (18) and ventilation of preterm animals initiates a similar inflammatory response (13, 18) . While numerous studies have found an association between the presence of a PDA and development of BPD, there is little information suggesting a cause-and-effect relationship (19, 20) . Infants with a persistent PDA frequently require prolonged ventilatory support similar to infants with a more severe form of BPD; however, previous studies have failed to demonstrate consistent worsening in the radiographic features of BPD among infants with a persistent PDA (11, 12, 21) . Studies to unravel the mechanisms responsible for the late pulmonary deterioration associated with a persistent PDA have been hampered by both the absence Page 4 of randomized controlled clinical trials that address this question and by the absence of an appropriate animal model.
The premature baboon (delivered at 125 days gestation; term = 185d) has a similar postnatal course as humans delivered between 25-27 weeks of gestation. As in VLBW human infants, the ductus arteriosus of the premature baboon has only a 20-30% chance of closing spontaneously after birth (22) . Despite surfactant treatment, low tidal volume breathing and low supplemental oxygen administration, premature baboons develop pulmonary histopathologic changes, during the first 2 weeks after delivery, that are similar to those described in premature human infants (13, 23) . The purpose of the present study was to examine the effectiveness of surgical ligation as a means of treating infants with a PDA by assessing its effects on cardiopulmonary function and the development of lung injury in mechanically ventilated premature baboons during the first 2 weeks after delivery. We hypothesized that preterm baboons would have improved cardiopulmonary function following ductus ligation compared with unligated animals.
Some of the results of these studies have been previously reported in the form of an abstract (24) .
Methods
A complete description of the methods is provided on the online data supplement. All studies were performed at the Southwest Foundation for Biomedical Research Primate Center in San Antonio, TX. Details of animal care have been published elsewhere (13, 23) . Briefly, timed baboon (Papio papio) pregnancies were delivered at 125 + 2 days and mechanically ventilated for 14 days. At birth, they were weighed, sedated, intubated, and given surfactant (Survanta, courtesy of Ross Laboratories, Columbus, OH) prior to initiation of ventilator support (InfantStar, Infrasonics, San Diego, CA). Ventilator adjustments were made based on chest radiograph, clinical examination, arterial blood gas measurement, and tidal volume measurement. We chose to study the animals for 14
Page 5 days after birth since beyond 14 days there is a high likelihood that the animals would develop septicemia and/or pneumonia (13) . Since sepsis plays a significant role in the development of chronic lung disease in the preterm, the presence of septicemia/pneumonia in the animals would significantly alter our ability to detect differences due to other interventions. None of the animals in our control or treatment groups were infected or had pneumonia during the study period.
Oxygenation index (OI) was calculated using the formula: OI = mean airway pressure (cm/H 2 O) X FiO 2 X 100/ PaO 2 Similarly, ventilation index (VI) was calculated using formula: VI = peak inspiratory pressure X ventilator rate X PaCO 2 / 1000 Animals were randomized prior to delivery to either ductal ligation (LIGATION) on day of life 6 or no intervention (CONTROL). This time point was chosen because this precedes the time that humans develop altered pulmonary compliance due to a persistent PDA (5) ( (6, 11) . Pulmonary function testing was performed using the VitalTrends plethysmograph system (VT1000, Vitaltrends Technology, New York, NY) (23).
Compliance and resistance measurements, obtained at 6, 12, 18, 24, 36, and 48 hours and every 24 hours thereafter, were of the respiratory system as a whole. For analysis compliance was corrected for body weight.
The technique for the echocardiographic examination of the preterm baboon has been described previously (25) . Echocardiographic studies were performed at 1 hour and 6 hours of age and at 24-hour intervals, up to one day prior to necropsy.
Tracheal aspirates were collected following instillation of 1 ml of sterile normal saline through the endotracheal tube at 24 h, 48-96 h, 5-7 d, 9-11 d, and 12-14 d as Page 6 previously described (23) . Interleukin-6 (IL-6) and IL-8 concentrations were determined by radioimmunoassay and enzyme immunoassay, respectively (23) .
Post mortem pressure volume curves were performed by the method described by Ikegami, et al. (26) . Following the acquisition of the pressure-volume curve, the right lower lobe was removed, weighed, and intrabronchially fixed with phosphate-buffered 4% paraformaldehyde at 20 cm H 2 O constant pressure for 24 hours. Following fixation, the volume of the right lower lobe was determined by volume displacement and subsequently processed for light microscopy (23).
Immunostaining for PECAM (Platelet Endothelial Cell Adhesion Molecule, CD31; Dako Corporation, Carpinteria, CA, USA), an endothelial cell marker, was performed on lungs from both study groups and adult baboons. A semi-quantitative point counting method in which the lung parenchymal tissue served as the volume of reference was used to determine the volume fraction (Vv) of immunoreactive sites as previously described (27) .
Pulmonary histopathologic comparison between the two groups was also performed by the panel of standards method as previously described (23) .
Data is presented as mean + standard deviation (SD). Between group differences were compared by analysis of variance (ANOVA), unpaired t test, or the Mann-Whitney rank sum test where appropriate. Statistical results were generated using Statview (SAS Institute, San Francisco) software.
Results

Study Groups and Clinical Course
A total of 27 animals were studied prospectively. Two animals, randomized to the CONTROL group, had spontaneous ductus closure prior to day 6 (the day of planned ductus ligation) and were excluded from the analysis. The remaining 25 animals (CONTROL = 13; LIGATION = 12) all had a patent ductus on day 6. There were no Page 7 differences between the 2 groups in birth weight (CONTROL=393±38; LIGATION=405±48 gm), sex (% male: CONTROL=54%; LIGATION=58%), gestation (CONTROL=126±1; LIGATION=125±2 days) or in any of the measured parameters prior to the time of planned ductus ligation (day 6) (see below).
Both groups had a similar degree of left-to-right shunt through the PDA as reflected by the similar Qp/Qs ratios prior to ductus ligation (day 5) ( Figure 1A ). The ductus in the CONTROL group stayed open throughout the 14 day experiment; the average Qp/Qs ratio for the CONTROL group fluctuated between 1.7 and 2.3 from days 7 through 13 ( Figure 1A ). Although the CONTROL animals developed an increase in the globular shape of the cardiothymic shadow on the chest radiograph during the second week after birth, no other differences in radiographic findings were noted (e.g., alterations in lung volume, atelectasis, or increased pulmonary vascularity).
Cardiovascular Function
Prior to ligation on day 6, both groups had similar systemic blood pressures, ratios The average Qp/Qs ratio in both groups was 2.2 at 6 hr after birth and fluctuated between 1.5 and 2.0 between 24 hr and 120 hr after birth. Immediately following ductus ligation the Qp/Qs ratio dropped to 1 in the LIGATION group and remained lower than the CONTROL group during the 7 days following ligation (during both the early postoperative period (days 7-10) and the later recovery period (days 11-13)) ( Figure 1A ). The effects of ductus ligation on SF, VCFc, AT(P), and PVel(P) are shown in Figure 2 . By the end of the week following ligation, the animals in the CONTROL group had significantly lower indices of left and right ventricular performance than the animals in the LIGATION group (Figure 2 ). Despite the poorer cardiac performance in the CONTROL group, there were no differences between the groups in fluid administration, urine output, base deficit, or in bicarbonate or dopamine/dobutamine administration (data not shown).
Pulmonary Function
In the LIGATION group, there was a drop in PaO2 and an increase in OI that paralleled the decrease in pulmonary blood flow immediately following surgery. This remained stable during the week following ligation ( Figure 3A) . In contrast, the OI in the CONTROL group, which initially decreased during the first week after delivery, gradually deteriorated during the second week. At the time of necropsy, the OI in the CONTROL group was similar to the LIGATED group despite the higher index of pulmonary blood flow in the CONTROL group.
There was no difference in VI between the two groups during the preoperative or early postoperative period (7-10 days). VI tended to be lower in the LIGATED animals during the last 3 days of the study (p=0.08) ( Figure 3B ). Similarly, dynamic compliance tended to be higher in the LIGATED animals during the last 3 days of the study (p<0.08) ( Figure 3C ). CONTROL=474±724, LIGATION=115±29 pg/ml; IL-8: CONTROL=1560±2492, LIGATION=581±431 pg/ml).
Tracheal Aspirate IL-6 and IL-8 concentrations
Static Pressure-Volume curves
There was no difference between the groups in the post mortem measurement of static lung compliance ( Figure 5 ).
Lung Histology and Immunocytochemistry
There were no differences in the pulmonary histopathologic findings between the two groups. Both groups exhibited varying degrees of inflation. Atelectasis was usually associated with the presence of mucus plugs in a few bronchiolar lumens. In the regions with well-inflated parenchyma, the saccular walls were dilated and few secondary crests/alveoli were evident. A few animals in each group had thicker saccular walls with Prior short-term studies have observed a decrease in pulmonary artery pressure and an increase in systemic blood pressure immediately following ductus ligation (4, 28).
The current study demonstrates that these differences persist during the week following surgery (Figure 1 ). We also found that ductus ligation affects the indices of right and left ventricular performance. Since the indices of right ventricular function [AT(P) and PVel(P)] are both afterload dependent, their improvement following ductus ligation could simply be a reflection of the decrease in pulmonary pressures rather than a true change in cardiac function. On the other hand, it is possible that the difference in performance indices may reflect a true change in right ventricular function since the drop in pulmonary pressure was observed immediately after ligation, whereas the improvement in AT(P) and PVel(P) did not occur until several days later.
The increase in left ventricular performance indices following ductus ligation most likely represents an improvement in left ventricular function since both indices (shortening fraction and VCFc) were higher in the LIGATION group despite a simultaneous increase in systemic blood pressure. Although there were differences between the two groups in cardiac performance indices, there were no differences Page 11 between the groups in clinical parameters such as degree of metabolic acidosis, need for inotropic support, or rate of urine output.
The changes in Oxygenation Index during the first two weeks after birth mimicked the changes seen in preterm human infants during the same time span (29) .
The OI in the LIGATION group tended (p<0.09) to be higher than that of the CONTROL group during the early post-operative period (days 7-10). This was most likely due to the reduction in effective pulmonary blood flow following loss of the PDA left-to-right shunt (28) . In addition, post-surgical atelectasis and edema may have played a role as well. By the time of necropsy the OIs in the LIGATION and CONTROL groups were similar, despite the increased effective pulmonary blood flow in the CONTROL group (Figure 3) .
In contrast to the CONTROL group, the pulmonary mechanics indices (Ventilation Index and dynamic respiratory compliance) showed progressive improvement in the LIGATION group during the week after ligation (Figure 3 ). This was not related to differences in pulmonary histology between the two groups. Although a PDA increases hydraulic fluid efflux from the pulmonary capillaries in the preterm lung In addition to examining cardiopulmonary function, we performed studies to determine if a persistent PDA adds an additional inflammatory stress on the preterm lung and contributes to the development of chronic lung disease (13) . We found no evidence that a persistent PDA contributed to increased pulmonary production of the proinflammatory cytokines IL-6 or IL-8. Nor did we find evidence that a persistent PDA Page 12 altered static lung compliance or lung histology at two weeks after birth. Although the presence of a persistent PDA may have effects on cardiac performance and pulmonary mechanics, we found no evidence that surgical ligation of a PDA alters the evolution of histological BPD during this time period.
It is possible that the techniques used in this investigation were not sensitive enough to detect alterations in pulmonary structure occurring as early as two weeks after delivery. However, using the same techniques in the same animal model we have successfully demonstrated differences in the evolution of BPD following other treatment regimens (23, 30, 31) . It also is possible that the trauma of surgical ligation itself may have obscured the effects of PDA closure on postnatal lung development. Future studies using pharmacological closure of the ductus may be able to circumvent this problem. In addition, it is possible that larger left-to-right shunts (Qp/Qs>3:1) or more prolonged exposure to the PDA may cause pulmonary parenchymal abnormalities that were not evident in this model of chronic lung disease.
Our findings are consistent with the limited amount of data available from clinical studies. While pulmonary function in preterm infants with a symptomatic PDA may benefit from ductus ligation, it remains unclear whether ductus closure has any effect on the evolution of BPD (9, 11, 12, 21) . Ductus ligation requires a thoracotomy in small critically ill infants. It is associated with serious complications including pneumothorax, chylothorax, infection, vocal cord paralysis and it may be responsible for additional brain injury (32) . We suggest that a careful evaluation of both the desired and achievable goals of ductus ligation be performed before committing infants to routine or early surgical closure. tended (p<0.09) to be higher than that of the CONTROL group during the early postoperative period (days 7-10) but was similar during the later part of the study (days [11] [12] [13] . VI tended to be lower (p=0.08) and dynamic compliance tended to be higher (p<0.08) in the LIGATED animals during days 11-13 of the study. Ventilator adjustments were made based on chest radiograph, clinical examination, arterial blood gas measurement, and tidal volume measurement as described below.
Intermittent sedation was provided as needed with ketamine (5 mg/kg) and / or diazepam (0.1 mg/kg).
Ventilatory Management
Ventilatory management was based on a strategy to maintain tidal volumes at 4 - Animals in the CONTROL group did not receive anesthesia or sham surgery.
Pulmonary Function Testing
Pulmonary function testing was performed using the VitalTrends body plethysmograph system (VT1000, Vitaltrends Technology, New York, NY) described previously ii . Compliance and resistance measurements, obtained at 6, 12, 18, 24, 36, and 48 hours and every 24 hours thereafter, were of the respiratory system as a whole. For data analysis compliance was corrected for body weight.
Echocardiography
The technique for the echocardiographic examination of the preterm baboon has been described previously vi . Echocardiographic studies were performed at 1 hour and 6 hours of age and at 24-hour intervals, up to one day prior to necropsy. All studies were 
